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This journal is ª The Royal Society ofSilk scaﬀolds achieved using Pickering high internal
phase emulsion templating and ionic liquids†
Nolene Byrne,*a Rasike DeSilva,a Catherine P. Whitbyb and Xungai WangacWe describe a convenient route to the preparation of silk scaﬀolds
that does not require silk ﬁber dissolution and regeneration. We
prepare the silk scaﬀolds via a single step Pickering-high internal
phase emulsion (HIPE) method. Additionally, we ﬁnd that the use of
biocompatible ionic liquids signiﬁcantly improves the compressive
properties of the HIPEs.Silk as a biomaterial has gained signicant interest due to its
biocompatibility and excellent mechanical properties.1
However, normally silk to be produced into a scaﬀold needs to
be dissolved and regenerated.1,2 The dissolution of silk involves
the use of harsh solvents and multiple processing steps.3 The
typical procedure for native silk ber dissolution is to boil in
alkaline pH to remove the sericin, dissolve the silk ber in
9MLiBr, dialyse to remove the salt and solubilize the amor-
phous silk in either formic acid4 or hexauoroisopropanol,5
although ionic liquids (ILs) have been shown to directly dissolve
silk cocoons.6 The regeneration of silk is also a complex process,
with many diﬀerent solvents and processing techniques being
investigated currently.7–11 The major disadvantage with the
dissolution and regeneration of silk, apart from the complexity
and time involved, is the loss of the native silk ber structure
which impacts the material properties of the regenerated silk.12
In this communication, we describe the preparation of novel
silk scaﬀolds using a Pickering emulsion – HIPE process.
High internal phase emulsions (HIPEs) are dened as having
an internal phase volume (f) of 0.74 or greater.13 HIPEs nd use
in numerous applications including food preparation, fuels, oil
recovery, cosmetics and recently as templates in material
science.14,15 Oen HIPEs require surfactants14,16,17 or particles18niversity, Geelong, Vic 3217, Australia.
outh Australia, Mawson Lakes, SA 5095,
8302 6866
han Textile University, Wuhan, China
ESI) available: Tables containing HIPE
raphs. See DOI: 10.1039/c3ra44749a
Chemistry 2013to enhance stabilization and prevent coalescence or sedimen-
tation. Recently ionic liquids have been successfully used as
surfactant materials19 as well as to form emulsions.20 In addi-
tion, ionic liquids, ILs, have been shown to enhance protein
stability against aggregation21,22 as well as being biocompatible
crosslinking agents for collagen proteins.23 For these reasons,
we have explored the impact of using biocompatible ionic
liquids in the preparation of the silk particle stabilized HIPEs.
We studied 3 diﬀerent biocompatible ILs, cholineTa, chloineLa
and EOALa. The choline salts were selected as they have recently
been shown to cross link collagen23 as well as stabilize
proteins,22 while EOALa is a simple protic ionic liquid known to
possess amphiphilic properties.24
High internal phase emulsions were achieved via a single
step process at 10 wt% silk (Fig. 1). Briey the ball milled silk
particles25 were dispersed in the aqueous phase, the required
amount of oil was added and the solution homogenised for
1 minute. The oil used was the biocompatible dodecane. We
found that by using the 2 step process,26 lower silk wt% could be
used to achieve a HIPE (see Table S1 in ESI†). We achieved
HIPEs with internal volumes of up to 87% without the use of a
surfactant. The inuence of ionic liquid addition on the HIPEs
was investigated at concentrations of 0.5 M, 1 M and 2.5 M. The
IL was dissolved in the aqueous phase prior to the silk particles
being added. Addition of IL resulted in a decrease in the
internal volume fraction of the HIPEs to 80%. Fig. 2a–d showsFig. 1 (a) Images showing samples at 1 wt, 5 wt% and 10 wt% silk loadings. (b)
HIPE formation was achieved at 10 wt% silk particle loading.
RSC Adv., 2013, 3, 24025–24027 | 24025
Fig. 2 (a–d) Optical images of HIPEs formed using the ionic liquid cholineTA at
0 M, 0.5 M, 1.0 M and 2.5 M. scale 100 mm (e–h) corresponding ﬂuorescent
microscope images, scale 100 mm.
Fig. 3 (a) Storage and loss modulus of the HIPEs as a function of frequency. (b)
Storage and loss modulus of the HIPE as a function of strain: solid lines: storage
modulus G0 , broken line: loss modulus G0 0 . Black lines: 0.0 M, blue: 1.0 M EOALa,
red: 1.0 M cholineLa and green line 1.0 M cholineTA.
Fig. 4 SEM images of freeze-dried HIPEs at (a) 0.0 M, (b) 1 M EOALa, (c) 1.0 M
cholineLa and (d) 1.0 M cholineTa. Scale 50 mm.
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View Article Onlinethe optical images of the HIPEs formed at 0 M, 0.5 M, 1.0 M and
2.5 M cholineTA. As the IL concentration is increased the
droplet size increases, and at IL concentrations of 2.5 M no
HIPE formation was achieved in any of the ILs studied here (see
Table S2 in ESI†). This was a surprising result and suggests that
the IL is likely absorbed onto the surface of the silk particle
changing the surface properties, resulting in the lower internal
volumes. Fig. 2e–h shows the corresponding uorescent
microscope images.
Next, we explored the rheological properties of the HIPEs.
Fig. 3a shows the storage (G0) and loss modulus (G00) of the
HIPEs as a function of frequency at 1.0 M IL. It can clearly be
seen that all HIPEs are in the “gel” form, even in the absence of
IL. However, the addition of the IL has improved the gel prop-
erties. Creating HIPEs with 1.0 M cholineTa resulted in a 3 fold
improvement in the gel properties. Fig. 3b shows the impact of
varying the strain rate, again the use of IL improves the HIPEs
response to strain. The compressive strength of the HIPEs
without IL was measured to be 32  0.012 kPa and compressive
strain at failure of 52%. The addition of the IL further improves
both the compressive strength and the compressive strain of the
HIPEs. HIPEs prepared with 1.0 M cholineTA had a compressive
strength of 48 0.026 kPa and a compressive strain at failure of24026 | RSC Adv., 2013, 3, 24025–2402762% (Stress–strain curves in ESI†). This suggests that the IL, in
particular the cholineTA, is enhancing the inter-particle
binding, accounting for the signicant improvement in mate-
rial properties of the scaﬀolds. Interestingly, cholineTa also
showed the best crosslinking capabilities for collagen when
compared to other choline salts23 its likely the hydrogen bond
capability of this anion, both acceptor and donor sites available,
is responsible for the improvement.
Finally, we explored the morphology of the HIPEs. Fig. 4a–d
shows the SEM images of the HIPEs without IL and at 1.0 M ofThis journal is ª The Royal Society of Chemistry 2013
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View Article OnlineEOALa, cholineLa and cholineTa respectively. Signicant
diﬀerences in the matrix can be observed between the diﬀerent
HIPEs. Clear binding and/or partial dissolution of the silk
particles can be observed for HIPEs prepared with 1.0 M chol-
ineTa and cholineLa. The improved binding of the silk particles
in the presence of the IL further suggests the IL is modifying the
silk particle surface, this likely explains the lower internal
volume fraction obtained with the IL. However, it would be
interesting to study the impact of a more traditional surfactant
like ionic liquid such as a long chain imidazolium. The inability
for crosslinking to occur in the presence of the protic IL EOALa
suggests that the unique hydrogen bond network of the protic
ionic liquid, which is diﬀerent to the aprotic ionic liquid,27
limits this ILs ability to bind the silk particles.
Conclusions
We have shown that silk scaﬀolds can be prepared using a
Pickering – HIPE process, thus eliminating the need to dissolve
and regenerate the silk ber. Additionally, using biocompatible
ionic liquids a signicant improvement in the scaﬀold material
properties was measured. The improved compressibility is
likely due to improved binding between the silk particles due
either increased hydrogen bonding or particle silk particle
dissolution. The improved interface properties was observed by
SEM. CholineTa was shown to improve the material properties
the most, this anion has multiple hydrogen sites. Future works
will explore the mechanism of ionic liquid improvement as well
as other methods to improved interfacial contact.
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